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The Fundamental Property of Human Leg
During Walking: Linearity and Nonlinearity
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Abstract— Leg properties have been involved in the
broad study of human walking from mechanical energy to
motion prediction of robotics. However, the variable leg
elasticities and their functions during gait have not been
fully explored. This study presented that the fundamental
leg properties during human walking comprise axial stiff-
ness, rest leg length, tangential stiffness and force-free
leg angles. We measured the axial force-leg length and
tangential force-leg angle data in eight participants (mean ±

s.d. age 24.6 ± 3.0 years, mass 68.2 ± 6.8 kg, height
177.5 ± 5.2 cm) at three self-selected walking speeds (slow:
1.25 ± 0.22, normal: 1.48 ± 0.28, fast: 1.75 ± 0.32 m/s) on
two different contact conditions (fixed and moving). After
obtaining these gait measurements, we extracted the linear
and nonlinear leg elasticities during human walking by
using a minimum root-mean-square fitting. We found that
the axial stiffness of nonlinear elasticity (fixed condition:
7.1−8.0, moving condition: 21.3−22.6) is higher than that
of the linear elasticity (fixed condition: 5.0−5.7, moving
condition: 15.2−16.5). The tangential stiffness behaves dif-
ferent during four stance phases of gait, with the highest
(linear: 2.52−3.72, nonlinear: 1.71−2.01, in moving condi-
tion) occurred at early stance and second highest at late
stance, followed by two stiffnesses in mid-stance. For both
linearity and nonlinearity, the axial stiffness and rest length
are independent of walking speeds in both contact con-
ditions, while the tangential stiffness and contact angles
are independent of walking speeds only in moving condi-
tion. Regardless of walking speed, elasticity and contact
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condition, the force-free contact angle at mid-stance is
maintained at average of 82.2◦. This paper first demon-
strates the mechanical walking leg property from both axial
and tangential aspects. The findings provide insight into
the fundamental properties including linearity and nonlin-
earity of human leg during locomotion for stability analysis
and precise motion prediction of robotics and rehabilitation
exoskeletons.

Index Terms— Rehabilitation, leg elasticity, human walk-
ing, linearity, nonlinearity, leg stiffness, biomechanics.

I. INTRODUCTION

WALKING is the most fundamental and widespread
form of transportation for human being. The complex

functions of the human leg during locomotion may be briefly
categorised into three classes: energy conservation, power
attenuation and power amplification [1]. The combination
of these functions performs sophisticated locomotion that a
human does in daily-life with high efficiency and low energy
consumption. This may be a consequence of the design
of structural organisms in the legs and other body parts,
which was adapted from generation to generation for certain
functions [2], [3], [4]. Leg properties has involved in the
broad study of human walking ranging from basic mechanical
work to the motion prediction of robotics and rehabilitation
exoskeletons by using spring-mass model [5], [6]. In the
study of basic mechanical work, the leg elasticity plays a
crucial role in the mechanical energy changes during the gait
cycle [7], [8], [9]. In human locomotion prediction, the spring
stiffness is a crucial elastic leg property transforming the
change in leg length to that in leg force and vice versa. This
basic leg property aims to address the global elasticity of the
whole-body structure as a consequence of joint elasticity [10],
[11], [12].

Compliant legged machines operated on the conservation of
system energy have been found to inherit the self-stability [5],
[13], [14], [15], [16], [17], [18]. In a certain energy range,
the well-tuned combinations of linear elastic leg properties
and touchdown timing defined by leg angle and leg length at
touchdown instant are required to carry out periodic motion of
walking and running. It was found that the orbital stability of
the gait decays with higher leg stiffness [13], [15], [16]. Most
studies of leg stiffness during human locomotion have been
based on the change in leg length and the total ground reaction
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force (GRF) considered to apply along the leg axis [19], [20],
[21], [22], [23], [24], [25]. For instance, a linear axial force-leg
deflection relationship was used to extract the elastic property
and angle of attack of the leg [23]. The dimensionless leg
stiffness of 29–45 and 21–23 and the attack angle ranging from
68–85 and 73–88 degrees were found during human walking
and running, respectively.

However, the total ground reaction force during the gait does
not always apply along the leg axis. In the joint level, when
the human body is considered as a multi-segment system,
it has been found that the coordination of joint elasticity
and the geometry of multi-segment body during locomotion
results in the centre of mass motion in parallel and perpen-
dicular direction to the leg axis [10], [11], [26]. Thus, the
projection of the resultant force onto both directions needs
to be addressed carefully to account for all corresponding
mechanical properties of the human leg during locomotion.
The rotational elasticity in human walking has been studied
by using spring-mass model with hip joint and torso [27]. This
model addresses the relationship between the components of
total ground reaction force, the axial and rotational elasticity
during human walking. Although, the predicted ground reac-
tion force and hip torque profile are slightly different from
that in human walking experiments, the relationship between
ground reaction force components and the axial and rotational
elasticity were found to be very important in human walking
stabilisation [27].

Most of the study of leg properties during the human
locomotion primarily focused on linear elasticity, until it has
been found recently that the changes in leg stiffness and rest
length during the gait improve the human running prediction of
the spring-loaded-inverted pendulum (SLIP) model [28], [29].
The improved running prediction resulted from variable leg
properties supports the previous findings that the nonlinear
elasticity can stabilise the spring leg robot after perturbation
and touchdown impact. The soft nonlinear elasticity was found
to stabilise the spring leg running after perturbation better than
linear elasticity [30], while the hard nonlinear elasticity was
found to stabilise the gait pattern after touchdown impact [31].
The variation of leg stiffness during the gait is likely another
mechanical property facilitating in negotiation with small
perturbation. Leg positioning, i.e. leg angle at touchdown and
take-off, has been found as one of the crucial adjustments for
the contact duration and phase transition in biped locomotion
[32], [33], [34]. Predicted by the spring-mass model, the
change of touchdown angle with the change in leg stiffness
was found to regulate the energy transfers during the gait cycle
[15], [16], [19], [32], [35]. However, such adjustment during
human locomotion has not been fully investigated.

In brief, the leg properties, primarily including the elastic
properties and the leg positioning have been found as crucial
mechanical properties of the human leg during locomotion.
The proper combination of the axial and rotational or tangen-
tial stiffness, rest length and the leg positioning are required
to predict the precise walking motion and phase transition.
Depending on available human walking measurements and
purpose of study, these leg properties during the walking
motion can be estimated by different leg property definitions.

However, the variable leg properties during human gait have
not been fully explored possibly due to the experimental
limitations and complexity of musculoskeletal structure. The
coordination between axial and rotational actuation found to
enhance perturbation resistance in biped robot simulation has
never been investigated in human locomotion.

Therefore, an overall objective of our study was to provide
insight into the fundamental leg properties including linearity
and nonlinearity factors during locomotion, which could facil-
itate the stability analysis and precise motion prediction of
robotics and lower-limb rehabilitation devices. Anticipations
of the fundamental leg elasticities can provide stability analysis
and precise prediction of human or robotic locomotion [5],
[6], [36]. We hypothesised that the minimal leg properties
that will be essential to identify human leg mechanics during
walking not only exhibit linear and nonlinear elasticities, but
also axial and tangential stiffnesses, and they are possibly
independent from walking speeds. To address our hypotheses,
we measured the single valued force-displacement relation-
ships during walking at three self-selected speeds and extracted
the basic mechanical properties of human leg by using a
minimum root-mean-square fitting. Actual and normalised
values of axial stiffness, rest leg length, tangential stiffness
and force-free leg angles were quantified in both fixed and
moving contact conditions.

II. MATERIALS AND METHODS

A. Experimental Protocol
Eight healthy male adults with no previous medical history

of bone or joint injury (mean ± s.d. age 24.6 ± 3.0 years,
mass 68.2 ± 6.8 kg, height 177.5 ± 5.2 cm) participated in
this study. All participants provided informed consent before
participating in the protocol, which was approved by the
Human Research Ethics Committee at The Second Hospital
of Jilin University (No. 2020085). They were asked to walk
on the walkway under three different self-selected speeds:
slow (1.25 ± 0.22 m/s), normal (1.48 ± 0.28 m/s) and fast
(1.75 ± 0.32 m/s). Each walking speed was measured
10 times. Kinematic data was collected at 200 Hz using
an eight-infrared camera motion capture system (Qualisys,
Sweden), and ground reaction force/moment data were
recorded at 1000 Hz by using a six-force plate array (Kistler,
Switzerland).

For each subject, the movement of 13 major body segments
(the head, torso, pelvis, right and left humerus, right and left
forearms, and both legs comprising thighs, shanks and feet)
were recorded. A group of specially designed thermoplastic
plates, each carrying a cluster of four reflective markers, were
attached to each body segment [37]. A head band was used
to carry the four markers on the head. An elastic hip belt
was used to firmly locate the plastic plate carrying the four
markers on the pelvis. Plastic plates and the helmet reduce the
relative movement between the markers on a segment, thereby
improving the accuracy of the measured data [38].

In total, 52 reflective markers were used to capture
whole-body motion during the walking trials. In order to
decrease the effect of relative motions between the reflective
markers and bones, anatomical landmarks determined from
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the positions of the reflective markers were used to define
the local coordinate system of each segment. The anatomical
landmarks were located from a series of static calibration
procedures by using a calibration wand and reflective markers.
A wand with two reflective markers was used to determine the
spatial positions of the anatomical landmarks on pelvis which
were not conveniently defined by reflective markers. The
calibration markers were then removed before walking tests
according to the calibrated anatomical system technique [39].
Other anatomical landmarks were determined directly using
reflective markers. With the local coordinate system of each
segment, the whole-body motion was obtained by rigid multi-
body dynamics. The functional approach [40], [41] was used to
determine the hip joint centre. Other joint centres were defined
based on anatomical landmarks.

B. Data Processing
For data analysis, we discarded the trials with more than

10 consecutive missing frames. The raw data of all successful
trials were processed using a custom MATLAB based pack-
age, GMAS (General Motion Analysis Software) [37], which
has been developed for 3D kinematic and kinetic analysis
of general biomechanical multibody systems. After fill-gap
processing, the data were filtered using a low pass zero lag
fourth-order Butterworth digital filter with a cut-off frequency
of 6.0 Hz. The segment positions and orientations were defined
in an anatomically significant way. From the static calibration
data, the relative positions of the anatomical landmarks with
respect to the technical markers were obtained. For some
anatomical landmarks i.e. shoulders and hips, the reconstruc-
tion based on dynamic calibration trials (functional method)
was used. As the joint centre positions were described in local
coordinate system of the adjacent segment, the transforma-
tion from local to global coordinate system was employed.
Thereafter, given the derived anatomical landmark position,
the poses of the anatomical coordinate systems were obtained
for each sampled instant of time.

Given the poses of the anatomical coordinate systems, the
location of segment mass centre was determined from the
relevant anatomical landmarks, where some three-dimensional
anthropometric data was used [42]. The linear velocities and
accelerations of the segment mass centre were then calculated
using the finite difference methods [43]. For the ground
reaction forces and moments, the transformation matrix from
the force plate local coordinate system to the global reference
coordinate system was derived and then used to transform the
ground reaction forces and moments to the global reference
frame. The location of the centre of pressure (CoP) was then
determined by the application point of the ground reaction
force in global reference frame.

C. Calculation of Leg Motion and CoM Trajectory
Gait cycles are marked by two events (touchdown and

take-off) of the same foot. The touchdown (td) is defined
as the instant when the foot-ground contact initially occurs
without exerted force. In the measurement, the GRF is initially
detected when it is above zero. The numerical extrapola-
tion [43] was applied to the GRF records to estimate the

Fig. 1. Schematic illustration of human walking. (a) The mechanical
system of human walking. It is represented by leg length l, leg angle θ,
contact angle θcontact, axial stiffness kn and tangential stiffness k t, axial
force F n and tangential force F t (as the projections of the total ground
reaction force F g). (b) Two contact conditions between the foot and the
ground. The virtual leg in moving contact condition (blue) is defined by
a straight line connecting between the centre of mass (CoM) and the
moving contact. The moving contact is defined by the location of the
centre of pressure (CoP). The virtual leg in fixed contact condition (red)
is defined by a straight line connecting between the CoM and the fixed
contact. The fixed contact P is defined by the CoP at which the virtual
leg on moving contact reaches the vertical leg orientation (dash).

instance and CoP location at the zero GRF. Accordingly, the
take-off (to) is defined as the final instant of the foot-ground
contact when the GRF reduces to zero. A similar numerical
extrapolation technique is used to estimate the instant and CoP
location for the take-off (to). The leg length and leg angle were
then calculated between the touchdown and take-off of the
same leg. The centres of mass motion of major body segments
at each sampled instant of time were calculated by the GMAS
software. The position and velocity of the whole-body centre
of mass in three-dimensional space can be calculated by rigid
multibody dynamics. First, the position of the whole-body
CoM at touchdown instant is defined as the summation of
the mass of each body segment multiplying the CoM position
of each corresponding body segment dividing the whole-body
mass. Subsequently, the velocity of the whole-body CoM at
touchdown instant was calculated by deriving the whole-body
CoM position. Then, based on Newton’s Second Law, the
position and velocity of the whole-body CoM at touchdown
was used as initial condition to derive the whole-body CoM
motion (position and velocity) at the subsequent instance by
integrating ground reaction forces during given time instances.

D. Axial Stiffness and Rest Length
Fundamental leg properties comprising leg stiffness, rest

leg length and three force-free leg angles are proposed to
express leg elasticity and phase transition, which are necessary
mechanical properties to representation the human walking.
In this study, the fundamentals of mechanical properties of the
human leg are defined and extracted from the measurement
data by a technique of minimum root-mean-squares error
(RMSE) fitting. The virtual leg is defined as a straight leg
represented by a line connecting the centre of mass (CoM)
and the foot-ground contact point (Fig. 1a). The foot-ground
contact point is defined in two conditions (Fig. 1b). The first
condition considers the moving contact calculated from the
anterior-posterior position of the centre of pressure (CoP) for
each foot. The second condition considers the fixed contact P
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Fig. 2. Definitions of leg properties. (a) Force-free leg length and leg
angles. Force-free leg length l0 occurs at initial and terminal contact
when the ground reaction force (GRF) F g is zero, and force-free leg
angle θ0 occurs at initial contact θ0 = θtd, mid-stance θ0 = θF0 and
terminal contact θ0 = θto when the tangential leg force is zero. Red line
is stance leg, and blue line is swing leg. (b) Tangential leg properties.
They comprises four of tangential stiffness (k1, k2, k3, k4), three of
force-free leg angles (θtd, θF0 , θto◁ and leg angles at first and second
force peaks (θt,p1 , θt,p2 ).

defined by the CoP where the virtual leg on moving contact
reaches vertical leg orientation.

The leg stiffness comprises axial and tangential stiffnesses.
The axial stiffness is derived from the leg compression-
extension, the rest leg length and the projection of the total
ground reaction force onto the virtual leg so called axial force.
The axial stiffness (kn) and rest length (l0) will be extracted
from the axial force-leg length relationship on both linear and
nonlinear elasticity of the virtual leg. For the linear elasticity,
the axial force-leg length relationship is defined as

Fn
lin = kn

lin(l0 − l) (1)

where Fn
lin is the projection of the total ground reaction force

onto the virtual leg axis, l is the virtual leg length, kn
lin is

the linear axial stiffness and l0 is the rest length which is
the force-free leg length at initial and terminal contact. The
force-free leg length (l0) is the leg length when the ground
reaction force is zero during the ground contact (see Fig. 2a).

To represent the nonlinear elasticity, the axial force-leg
length relationship is defined as

Fn
nln = kn

nln(l0 − l)

kn
nln = kn

lin,b(1 + a · eb(l0 − l)) (2)

where kn
nln is the nonlinear stiffness as a quadratic function

of leg deflection (l0 − l), kn
lin,b is basic linear stiffness,

a is a coefficient of nonlinear stiffness, b is exponential

power of nonlinear coefficient. The square of axial deflection
(l0 − l) expresses the moderate strength of nonlinearity. This
exponential-quadratic form requires only two parameters to fit
the axial-force leg length relationship. The preliminary exam-
ination on other nonlinear forms such as Fourier series, pure
exponential and pure quadratic functions showed that more
parameters are required while the RMSE is not significantly
reduced.

E. Tangential Stiffness and Force-Free Leg Angles
The tangential stiffness is derived from the angular deflec-

tion of the virtual leg and the projection of the total ground
reaction force onto the perpendicular line of the virtual leg.
The leg angle is defined as the angle between the virtual
leg and the vertical. The angle made by virtual leg and the
horizontal is defined as contact angle.

The tangential stiffness (kt ) and force-free leg angle (θ0)

will be extracted from the relationships between tangential
force and leg angle. Both linear and nonlinear elasticity will
be examined. The tangential force-leg angle relationship for
linear elasticity is defined as:

F t
lin =

kt
lin
l

(θ0 − θ)

kt
lin =


−k1 if θ td

≤ θ ≤ θ
t,p
1

k2 if θ
t,p
1 ≤ θ ≤ θ F

0

k3 if θ F
0 ≤ θ ≤ θ

t,p
2

−k4 if θ
t,p
2 ≤ θ ≤ θ to

θ0 =


θ td if θ td

≤ θ ≤ θ
t,p
1

θ F
0 if θ

t,p
1 ≤ θ ≤ θ

t,p
2

θ to if θ
t,p
2 ≤ θ ≤ θ to

(3)

where F t
lin is the projection of the total ground reaction force

onto the perpendicular line of the virtual leg, θ is the leg angle,
l is the virtual leg length, kt

lin is the linear tangential stiffness,
θ td and θ to are the leg angle at touchdown (td) and take-off
(to), respectively, θ F

0 is the leg angle when the total ground
reaction force applies through the leg axis (i.e. tangential force
becomes zero), θ

t,p
1 and θ

t,p
2 are the leg angles at the first and

second peak of the tangential force, respectively. θ0 is the rest
angle or the force-free leg angle at initial contact (td), mid-
stance and terminal contact (to) when the tangential force is
zero. The illustrations of tangential leg properties are shown
in Fig. 2b. The force-free leg angles were assumed to change
discretely according to the change of tangential force.

For the nonlinear elasticity, the tangential force-leg angle
relationship is defined by

F t
nln =

(∑2

n=1
(an(cos

nπθ∗

p
− 1) + bn sin

nπθ∗

p
)

)
/ l

θ∗
= θ − θ td

p =
θ to

− θ td

2
(4)

where an and bn are the Fourier coefficients for the fluc-
tuation of tangential force. The Fourier series were selected
from the nonlinear functions including exponential and poly-
nomial function that can give minimum RMSE by using
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minimum number of parameters. The preliminary examination
on Fourier series in higher order showed that the RMSE is not
significantly reduced.

In order to compare between the linear and nonlinear
elasticity, the stiffness on maximum force and displacement
so called total stiffness (z) [2] is used, which can be given by

zn
=

(max(Fn) − min(Fn))

(lmin − l0)

zt
=

(max(F t ) − min(F t ))

(θmin − θ0)
(5)

for the axial stiffness (zn) and for the tangential stiffness (zt ).

F. Leg Property Extraction
To estimate the axial stiffness (kn) and the rest length (l0),

the minimisation of root-mean-square error is used to fit
the force equations onto the axial force-leg length data sets
obtained from the walking measurement. For each subject, the
data set of the virtual leg length and the leg force for all the
three trials is fed into (1) to estimate the linear axial stiffness
(kn) and the rest length (l0) that minimises the difference
between the measured force and calculated force quantified by
RMSE. The minimization of the RMSE is operated by using
optimisation function “fmincon” in MATLAB (MathWorks,
Natick, MA, USA). With the similar scheme, (2) is used to
estimate the nonlinear axial stiffness (kn) and the correspond-
ing rest length (l0).

The linear tangential stiffness (kt ) and force-free leg angle
(θ0) are estimated by feeding the data set of the leg angle and
the leg length into (3) and following the similar optimisation
scheme. For the nonlinear elasticity of the tangential force, the
Fourier coefficients (am , bm), the leg angle at touchdown (θ td)

and take-off (θ to) are estimated by feeding the measurement
data of the leg angle and the leg length into (4). After the
equation parameters were determined by the minimum RMSE
fitting, the force equations are substituted into (5) to calculate
the total stiffness or mechanical impedance (z) for axial and
tangential stiffness, respectively. The total stiffness (z) is used
to compare the linear and nonlinear elasticity. This extraction
procedure is different from those in other studies in which the
linear least squares method was used to find the axial stiffness
and rest length that minimise the square error regardless the
violation of perfect elasticity [23], [44]. Overall, the axial
force-leg length and tangential force-leg angle relationships
in fixed and moving contact conditions are calculated from
measurement data of the CoM, CoP and ground reaction force
at three walking speeds for each subject. The leg properties
for linear and nonlinear elasticity of the virtual leg are then
extracted.

G. Statistical Analysis
A priori power analysis was first conducted to determine the

sample size using SPSS 25.0 software (IBM, USA). A sample
size of eight subjects is adequate to evaluate ANOVA for
repeated measures (within–between interactions), achieving
statistical power greater than 0.80 at 0.25 effect size and
0.05 probability level (P value). Another statistical analysis

TABLE I
GENERAL INFORMATION OF INDIVIDUAL SUBJECT

Fig. 3. Representative of the 3D whole-body walking measurements.
Shown are normalised ground reaction forces on the leading and trailing
feet (a), normalised whole-body CoM trajectories (b), and leg lengths,
leg angles and CoP for leading and trailing legs in fixed and moving
conditions (c) during a gait. The dataset was obtained from three
representative trials of the walking measurements of one subject (No. 2)
at normal walking speed. CoM, centre of mass; CoP, centre of pressure.
BW, body weight; lst, leg length at still standing.

was then performed to evaluate whether axial stiffness, rest leg
length, tangential stiffness and force-free leg angles change
with different speeds from slow to fast walk using SPSS
25.0 software (IBM, USA). For each condition, mean ± s.d.
were calculated across all subjects and trials. They were
then analysed separately by using the analysis of variance
(ANOVA) with repeated measurements based on a linear
mixed model approach considering intra- and inter-subject
variability (random effects: subjects and trials; fixed effects:
walking speed). The statistical significance level of all tests
was set to p = 0.05, and all data is presented at p < 0.05 unless
otherwise stated.

III. RESULTS

Eight healthy male subjects participated in this study and
their information were listed in Table I. The key measurements
of one subject (No. 2) were depicted in Fig. 3, including
the 3D motion data of ground reaction forces (Fig. 3a), the
calculated whole-body CoM motion in sagittal plane (Fig. 3b),
the leg lengths, leg angles and CoP calculated in the fixed
and moving contact conditions (Fig. 3c). These data were
combined to investigate the axial and tangential leg properties
during human walking.

A. Linear Axial Stiffness and Rest Length
Fig. 4a and 4b show the relationship of axial force and rest

length, as well as their linear fits, during human walking at
fixed and moving contact conditions. For all walking speeds
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Fig. 4. The linear and nonlinear fits of axial leg force as well as
rest length during walking. (a) and (c) show normalised axial force F n,
normalised leg length l, and their linear (a) and nonlinear (c) fits at fixed
contact condition. (b) and (d) show these measured and fitting data at
moving contact condition. The dataset (blue circles) was obtained from
three representative trials of the walking measurements of one subject
(No. 2) at all three walking speeds (slow, normal, fast). The linear and
nonlinear fits (red lines) were conducted by the minimum root-mean-
square error (RMSE) fitting. BW, body weight; lst, leg length at still
standing; ∇, touchdown (td); 1, take-off (to).

in the fixed condition, the measured leg length at touchdown
is shorter than that at take-off, the measured leg length at
maximum shortening is close to that during still standing
(lst ), and the linear elastic fitting underestimates the axial
force at maximum leg shortening. In the moving condition,
the measured leg length at touchdown is longer than that at
take-off. Similar to the fixed contact condition, the measured
leg length at maximum shortening is close to that during still
standing (lst ). Compared with the linear elastic leg properties
on fixed contact at the same speed, the linear elastic leg
properties on moving contact have shorter rest length (l0) and
higher total axial stiffness (zn

lin).

B. Nonlinear Axial Stiffness and Rest Length
Fig. 4c and 4d show the relationship of axial force and rest

length, as well as their nonlinear fits, during human walking
at fixed and moving contact conditions. It appears that the
nonlinear elastic fitting overestimates the fixed contact axial
force around maximum leg shortening for slow and normal
walking. Compared with the linear elastic leg properties on the
same contact condition at same walking speed, the nonlinear
elastic leg properties have higher total axial stiffness (zn

nln)
and generally shorter rest length (l0). For all walking speeds,
the nonlinear elastic fitting overestimates the moving contact
axial force when the leg is at the maximum leg shortening.
Compared to the linear elastic leg properties in the same
contact condition at the same walking speed, the nonlinear
elastic leg properties have higher total axial stiffness (zn

nln)
and nearly the same rest length (l0). In addition, compared to
the nonlinear elastic leg properties in fixed contact condition
at same walking speed, the nonlinear elastic leg properties
in moving contact condition have higher total axial stiffness
(zn

nln) and shorter rest length (l0).

Fig. 5. The linear and nonlinear fits of tangential leg force as well as
leg angle during walking. (a) and (c) show the normalised tangential
force F t, leg angle θ, and their linear (a) and nonlinear (c) fits at fixed
contact condition. (b) and (d) show these measured and fitting data at
moving contact condition. The dataset (blue circles) was obtained from
three representative trials of the walking measurements of one subject
(No. 2) at all three walking speeds (slow, normal, fast). The linear and
nonlinear fits (red lines) were conducted by the minimum root-mean-
square error (RMSE) fitting. Shaded are three force-free leg angles (θtd,
θF0 , θto). BW, body weight; lst, leg length at still standing; ∇, touchdown
(td); ∆, take-off (to).

C. Linear Tangential Stiffness and Force-Free Leg
Angles

Fig. 5a and 5b illustrate the relationship of tangential force
and leg angle, as well as their linear fits, during human walking
at fixed and moving contact conditions. The results show
that in the fixed contact condition at all walking speeds, the
absolute value of force-free leg angle at touchdown (θ td) is
smaller than that at take-off (θ to). The total tangential stiffness
(zt

lin) is highest at the early stance. The force-free leg angle at
mid stance (θ F

0 ) hardly changes with walking speed. In moving
contact condition, the absolute value of force-free leg angles
at touchdown (θ td) and take-off (θ to) at each walking speed
are nearly equivalent. Similar to that in fixed contact condition,
the total tangential stiffness (zt

lin) is highest at the early stance
for all walking speeds. For linear elasticity, the total tangential
stiffness (zt

lin) in moving contact condition is higher than that
in fixed contact condition at the same speed.

D. Nonlinear Tangential Stiffness and Force-Free Leg
Angles

Fig. 5c and 5d illustrate the relationship of tangential force
and leg angle, as well as their linear fits, during human walking
at fixed and moving contact conditions. It appears that in fixed
contact condition for all walking speeds, the nonlinear elastic



WANG et al.: FUNDAMENTAL PROPERTY OF HUMAN LEG DURING WALKING 4877

TABLE II
AXIAL AND TANGENTIAL LEG PROPERTIES DURING HUMAN WALKING

fitting underestimates the first peak of tangential force. In the
same contact condition and at the same walking speed, total
tangential stiffness (zt

nln) of the nonlinear elasticity is lower
than that of linear elasticity. In moving contact condition at all
walking speeds, the nonlinear elastic fitting underestimate the
first peak of tangential force. In the same contact condition and
at the same walking speed, the total tangential stiffness (zt

nln)
of nonlinear elasticity is lower than that of linear elasticity.
However, this total tangential stiffness (zt

nln) of nonlinear
elasticity in moving contact condition is higher than that in
fixed contact condition.

E. Comparison Between the Linear and Nonlinear Leg
Stiffness

The actual and normalised values of the axial and tangen-
tial leg properties for all three walking speeds and all the
participants are processed for both fixed and moving contact
condition. Table II shows the axial properties comprising total

axial stiffness (zn) and rest length (l0) during walking, as well
as the tangential properties comprising total tangential stiffness
(zt ) and contact angle (θcontact ) at slow, normal and fast speed.
The total stiffness (zn) is normalised by body weight (BW)
and leg length during still standing (lst ). The rest length is
normalised by leg length during still standing (lst ). The contact
angle is the angle between the virtual leg and horizontal or
θcontact

= 90◦
+ θ as shown in Fig. 1. It comprises five

different angles (θ td , θF0, θ to, θ t,p1, θ t,p2) to address the
changes in magnitude and direction of the tangential leg force
during the contact (Fig. 3b). Due to the smaller leg deflection
(l0−l), the axial stiffness in the moving contact condition (lin-
ear: 11.0−12.0 kN m, nonlinear: 15.5−16.6 kN m) is higher
than that in fixed contact condition (linear: 3.6−4.2 kN m,
nonlinear: 5.2−5.8 kN) as seen in Fig. 4. The axial dynamic
stiffness of nonlinear elasticity (dimensionless of 7.1−8.0 in
fixed condition and 21.3−22.6 in moving condition) is higher
than that of the linear elasticity (dimensionless of 5.0−5.7 in
fixed condition and 15.2−16.5 in moving condition) in both
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contact conditions at all walking speeds. From both elasticity
fittings in both contact conditions, the total axial stiffness (zn)

and rest length (l0) are independent of walking speeds.
The total tangential stiffness (zt ) change according to the

changes in magnitude and direction of the tangential force
during the gait (Fig. 5). The overall trend of four stiffness
(k1, k2, k3, k4) during different phases of gait is similar,
which has the highest k1 and second highest k4, followed
by k2 and k3. This total tangential stiffness (zt ) in fixed
contact condition (linear: 0.12−0.76 kN m rad−1, nonlin-
ear: 0.20−0.57 kN m rad−1) is lower than that in moving
contact condition (linear: 0.20−2.50 kN m rad−1, nonlinear:
0.20−1.37 kN m rad−1). Similarly, the absolute value of
contact angle at touchdown and take-off (53.3◦

−60.8◦ for
both linear and nonlinear) in fixed contact condition is smaller
than that in moving contact condition (linear: 65.7◦

−66.5◦,
nonlinear: 65.2◦

−66.2◦). The total stiffness of the nonlinear
elasticity (dimensionless of 0.27−0.91 in fixed condition and
0.27−2.01 in moving condition) is lower than that of linear
elasticity (dimensionless of 0.19−1.17 in fixed condition and
0.30−3.72 in moving condition) because the nonlinear elastic
fitting using second-order Fourier series in (4) cannot capture
the peak tangential force.

In fixed contact condition, for both linear and nonlinear
elasticity, the tangential stiffness and the absolute value of
contact angle at touchdown and take-off decrease as the walk-
ing speed increases. However, in moving contact condition,
the tangential stiffness and the absolute value of those contact
angles are independent of the walking speed. Regardless of
the walking speed, elasticity fitting and contact condition, the
force-free contact angle at mid-stance (θ F

0 ) is maintained at
average of 82.2◦ with respect to the ground.

IV. DISCUSSION

In this study, the fundamentals of mechanical properties
of human leg during walking have been proposed, which
represent the minimal leg properties that are necessary to
identify human leg mechanics during walking motion. The
axial and tangential properties were extracted from the axial
force-leg length and tangential force-leg angle relationships on
the virtual leg during human walking. The effects of walking
speed and foot-ground contact condition were investigated.

The combination of the extracted linear axial stiffness (kn
lin)

and touchdown contact angle (θ td) on the moving contact
condition falls within the stable range of the leg parameters in
the compliant leg model with axial elastic property developed
by Geyer et al. [15]. Their compliant leg model with axial
elastic property was operated by axial leg force alone, which
predicted that the axial stiffness is dependent on walking
speed. Although, the changes of axial stiffness and contact
angle in Table II are speed-independent, it falls within the
parameter range of the compliant leg model [15], which can
reproduce the stable walking motion at speed 1.0−1.5 m/s.

The speed independence of the linear axial properties in our
study is consistent with that in the literature [23]; however,
their normalised axial stiffness and contact angle are much
higher. We found the axial stiffness from 21.3 to 22.6 at
walking speed from 1.25 to 1.78 m/s. In their study, the

total ground reaction force obtained from the walking and
running measurement was considered to apply along the vir-
tual leg. Such scheme provides the normalised axial stiffness
between 31.7 to 45.8 for speed between 1.04 to 2.07 m/s. The
periodic walking simulation was found only with the axial
stiffness being 33.1 and contact angle being 74.8◦ at walking
speed of 1.04 m/s. On the same leg property definition,
Lipfert et al. [23] also presented higher axial stiffness during
running than that calculated by Coleman et al. [44] which used
similar force projection technique as our study to extract axial
stiffness from human running measurement. For the nonlinear
axial properties, the speed independence is also found. Only
the hard nonlinear elasticity can achieve the minimum RMSE
fits on the axial force-leg length data. Compared with the linear
elastic fittings in the fixed contact condition, the nonlinear
elastic fittings better fit the axial force-leg length data in early
and middle stance; however, it overestimates the axial force
when the leg is at the maximum leg shortening.

There are no previous studies on the tangential leg prop-
erties from the walking measurement extraction. Only the
hip torque profile during the gait cycle has been introduced
by Maus et al. [27]. Such torque profile to stabilise the
human upright walking agrees with our tangential force-leg
angle relationship in Fig. 5. The tangential stiffness behaves
different during four phases of gait, with the highest k1
(linear: 2.52−3.72 in moving condition and 0.96−1.17 in
fixed condition, nonlinear: 1.71−2.01 in moving condition
and 0.82−0.91 in fixed condition) at early stance and sec-
ond highest k4 (linear: 1.32−1.39 in moving condition and
0.54−0.71 in fixed condition, nonlinear: 0.70−0.85 in moving
condition and 0.52−0.60 in fixed condition) at late stance, fol-
lowed by k2 and k3 (linear: 0.30−0.59 in moving condition and
0.19−0.52 in fixed condition, nonlinear: 0.27−0.49 in moving
condition and 0.27−0.36 in fixed condition) in mid-stance. The
speed dependence is found in the tangential properties for both
linear and nonlinear elasticity on the fixed contact condition.
However, the nonlinear fittings by using second order Fourier
series on the tangential force-leg angle data underestimate the
tangential stiffness in early and late stance.

On the effects of foot-ground contact condition, the higher
axial and tangential stiffness of the moving contact condition
than that of the fixed contact condition are consistent with
previous studies [45], [46]. For both linearity and nonlinearity,
the axis stiffness in moving condition is approximately three
times as high as that in fixed condition at all three speeds.
In comparison, the tangential stiffness in moving condition
is approximately twice the value in fixed condition at all
three speeds. As the foot-ground contact moves forward during
the stance, the shortening-lengthening (l0 − l) and angular
deflection (θ0 − θ) of the virtual leg are reduced and thus,
increase the total axial and tangential stiffness.

The effects of linear and nonlinear elasticity, foot-ground
contact condition and ground reaction force decomposition
underline the influence of leg property definition on the
extracted leg properties. In fact, there is only a short period
during the mid-stance that the direction of total ground reac-
tion force coincides with the leg axis. By projecting the total
ground reaction force onto the parallel and perpendicular line
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of the virtual leg, the axial and tangential stiffness can be
estimated from the more realistic force-displacement relation-
ships. Compared to the linear elasticity, the nonlinear elasticity
better fits on the axial force-leg length relationship of fixed
contact condition. The different foot-ground contact conditions
result in distinct force-displacement patterns, leading to dif-
ferent leg properties extracted based on leg definitions. The
implementation of these mechanical leg properties in human
walking model is required to validate the leg property region
in human walking prediction.

In addition to the fitting, other calculations may also affect
the leg properties extraction. One of which is the calculation
for centre of mass motion. In our study, the centre of mass
motion at the touchdown instant during walking is used as the
initial motion to integrate the ground reaction force. Other
studies prevented the signal drifts by starting the integra-
tion from the still standing [21], [23]. However, to study
human walking at self-selected speed, the latter technique
requires a long walking track or a measurement conducted
on treadmill. It has been found that the variation of CoM
velocity during the over-ground and treadmill walking are
fundamentally different [18], [47], [48], [49], [50]. This may
lead to different estimations of CoM motion and thus differ-
ent force-displacement relationships. Extracted from walking
measurements on treadmill, Lipfert et al. [23] found that the
rest length is shorter than the leg length at still standing. Such
leg properties limit the implementation in compliant leg model
with axial elastic property and thus some adjustments were
required to validate those leg properties with human walking
measurements. In addition, human legs were simplified as
straight lines which made it more convenient to calculate
fundamental leg parameters including rest leg length, axial and
tangential stiffness, and force-free leg angles. However, legs
are not always straight especially during late stance phase. The
bending motion would affect the calculations of the leg forces,
which might cause the deviation of research conclusions.

The speed independence of the extracted mechanical leg
properties can be interpreted in many different ways. It may
imply that the leg elasticity during human walking does
not change with walking speed. More implication may be
from the fitting function. The single valued force-displacement
relationships used in all fittings has some limitations to extract
the mechanical leg properties during human walking. The
measured axial force-leg length relationships in both contact
conditions are non-conservative around the maximum leg
shortening (Fig. 4). By fitting the single valued force-length
function onto such non-conservative relationship, the rest
length is stretched to the maximum length to satisfy the
spring leg equation (Fig. 4) and may affect the extracted axial
stiffness shown in (1) and (2). Similarly, for the tangential
properties on the moving contact condition, single valued
force-angle function overestimates the absolute leg angle at
touchdown and take-off (Fig. 5). It may affect the extracted
tangential stiffness shown in (3). In such cases, the parametric
equations may be required to express the multi-valued force-
angle and force-length functions for the extraction of axial
and tangential leg properties from the force-displacement
relationships during human walking.

A bipedal walking model based on the proposed elastic
leg properties could be used to predict the human walking
motion of robotics and lower-limb exoskeletons by using the
minimal inputs of axial leg properties and initial contact angle
(θ td). In a particular range of walking motion, the proper
combinations of axial leg stiffness (kn) and touchdown leg
angle (θ td) are required to produce periodic walking motion.
However, this production is rather sensitive to the initial
condition of the walking motion especially the initial forward
speed (v0) which regulates the forward rotation of CoM with
respect to the contact point. The proper horizontal speed
allows sufficient duration for the upright CoM, which allows
the proper energy transfer among potential, strain and kinetic
energy. As a result, the proper oscillation of the CoM on the
compliant leg is created, which regulates the initiation and
termination of double support phase and forward progression
the CoM to complete the walking step. In this model, the CoM
oscillation increases with increased walking speed. The CoM
becomes airborne and fails to complete walking cycle when
the walking speed exceeds 1.5 m/s [15]. This walking speed
limit of the compliant leg walking template restricts the human
walking prediction based on the axial elastic leg properties
to the moderate walking speed. Depending on the axial leg
properties alone, the CoM motion predicted by compliant leg
walking model is regulated by the touchdown contact angle
(θ td), axial stiffness (kn) and the initial condition of the CoM
motion. The incorporation of the tangential component of the
leg force or the rotational elasticity of the virtual leg may
render to extend the walking speed range predicted by the leg
walking model for controlling robots and exoskeletons.

V. CONCLUSION

Leg properties has involved in the broad study of human
walking from mechanical energy to motion prediction of
robotics. This paper first demonstrates the linear and non-
linear mechanical walking leg property from both axial and
tangential aspects. The axial force-leg length and tangential
force-leg angle data at slow, normal and fast walking speeds
were measured to extract the axial and tangential stiffnesses at
two contact conditions by linear and nonlinear fittings. The rest
leg length and force-free leg angles during walking were also
included as the key parameters. The findings provide insight
into the fundamental properties including linearity and nonlin-
earity of human leg during locomotion for stability analysis
and precise motion prediction of robotics and rehabilitation
exoskeletons.

SYMBOLS AND ABBREVIATIONS

a Coefficient of nonlinear stiffness.
am , bm Fourier coefficients.
an , bn Fourier coefficients for the fluctuation of

tangential force.
b Exponential power of nonlinear coefficient.
BW Body weight.
CoP Centre of pressure.
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CoM Centre of mass.
Fg Total ground reaction force.
Fn Axial force, i.e., projection of the total

ground reaction force onto the virtual leg
axis.

F t Tangential force, i.e., projection of the total
ground reaction force onto the
perpendicular line of the virtual leg.

Fn
lin Linear axial force.

F t
lin Linear tangential force.

Fn
nln Nonlinear axial force.

F t
nln Nonlinear tangential force.

Fn
f i xed Fixed contact axial force.

F t
f i xed Fixed contact tangential leg force.

Fn
moving Moving contact axial force.

F t
moving Moving contact tangential leg force.

GRF Ground reaction force.
kn Axial stiffness.
kt Tangential stiffness.
kn

lin Linear axial stiffness.
kt

lin Linear tangential stiffness.
kn

nln Nonlinear axial stiffness.
kn

lin,b Basic linear stiffness.
k1, k2, k3, k4, Tangential leg properties comprising four

of tangential stiffness.
l Virtual leg length.
lst Leg length obtained during still standing.
l f i xed Fixed contact leg length.
lmoving Moving contact leg length.
l0 Rest length.
RMSE Root-mean-square error.
z Total stiffness or mechanical impedance.
zn Total axial stiffness.
zt Total tangential stiffness.
zn

lin Total linear axial stiffness.
zt

lin Total linear tangential stiffness.
zn

nln Total nonlinear axial stiffness.
zt

nln Total nonlinear tangential stiffness.
θ Leg angle.
θcontact Contact angle.
θ td Leg angle at touchdown.
θ to Leg angle at take-off.
θ0 Force-free leg angle.
θ F

0 Leg angle when the total ground
reaction force applies through the leg axis
(tangential leg force is zero).

θ
t,p
1 Leg angle at the first peak in the tangential

force.
θ

t,p
2 Leg angle at the second peak in the

tangential force.
θ f i xed Fixed contact leg angle.
θmoving Moving contact leg angle.
∇ Touchdown.
1 Take-off.
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